also forced to obtain NPDES permits, which prompted the construction of wastewater treatment facilities. at almost all sampling points showed lower acidity and metal contents
eastern Monongalia Counties in northern West Virginia (Fig. 1) . The stream is approximately 38.1 km (23.6 mi) in length, originating in Preston County at an elevation W ater quality has improved in many streams, rivof 737 m (2427 ft) with respect to mean sea level. The ers, and lakes in the USA over the past 20 to 30 creek flows southeast for a short distance, then it loops years (Smith et al., 1987) . This is due largely to the to the north, receiving water from Kanes and Dillan passage of laws that regulate discharges into waters of Creek tributaries. Relief is very gradual from the headthe USA. For example, the Clean Water Act (CWA) waters to Masontown before becoming steep for a long was passed in 1977 (including amendments of the prestretch flowing northwest from Masontown to Dellslow. viously passed Federal Water Pollution Control Act of After Dellslow, the creek again flows over gently sloping 1972 [Arbuckle et al., 1993] ), which was established "to terrain until reaching the Monongahela River at an elerestore and maintain the chemical, physical, and biovation of 237 m (793 ft) (Teti, 1974) . logical integrity of the nation's waters." To achieve this
The surface geology is part of the Pennsylvanian Pepurpose, a permitting system called the National Pollutriod, namely the Monongahela, Conemaugh, and Pottsant Discharge Elimination System (NPDES) was develville Groups and the Allegheny Formation (USDA oped to regulate pollution from point sources into rivers Natural Resources Conservation Service, 2000) . The or lakes of the USA. As a result, all chemical, manufacdominant rock types include sandstone, siltstone, shale, turing, energy, and mineral extraction companies are limestone, and coal. Major soils in the area include the required to obtain NPDES permits with effluent stanGilpin (fine-loamy, mixed, active, mesic Typic Hapludards for discharged water since 1977. Municipalities disdult) and Dekalb (loamy-skeletal, siliceous, active, mecharging wastewater effluent into rivers and lakes were sic Typic Dystrudept) series on the uplands and the Atkins (fine-loamy, mixed, active, acid, mesic Fluvaquentic Endoaquept) and Pope (coarse-loamy, mixed, Virginia, and is generally composed of mountain ranges by the oak-hickory (Quercus-Carya spp.) forest type (Strausbaugh and Core, 1977) . Farmland comprises oriented in a northeast-southwest direction. The vegetation is classified in the Northern Hardwood cover type, 15% of the watershed, with nearly all of the active farming occurring in the upper portions of the watershed in with 70% of the land surface in the watershed covered Preston County. Urban land, found in and around the Acidity and metals, especially aluminum, have detrimental effects on aquatic organisms (Gray, 1995; Neville cities of Masontown and Morgantown, makes up roughly 10% of the area. Mined land accounts for the remainand Campbell, 1988; Sparling and Rowe, 1996) . In a study of benthic macroinvertebrates in Deckers Creek, ing 5% (USDA Natural Resources Conservation Service, 2000) . Mains et al. (1999) found that most of the stream contained a very low diversity of organisms, and that the The area was first settled in 1772 along Deckers Creek near Morgantown. By 1798 one of the first iron works total number of organisms was also very low. The most heavily damaged section of the stream was below the west of the Blue Ridge Mountains was located at Rock Forge beside a steep portion of the creek, just 4 km Richard Mine discharge, where the creek rated "very poor" by the Save Our Streams approach (a common east of Morgantown. The population of Morgantown and surrounding areas grew slowly through the 1800s as method to categorize streams based on aquatic life), and no fish were reported. these small industries gradually developed. Timbering operations clear-cut the northern West Virginia forest
The addition of limestone to acid mine drainage streams neutralizes the acidity and causes metals to prein 1870-1880. The second-growth forest was again cut in the 1900-1920 period, and again in the 1930s and cipitate from solution. A large limestone input to Deckers Creek comes from an active limestone quarry, Greer 1940s (Clarkson, 1964; Hicks, 1998) . During the timber boom, observers wrote, ". . . the great mountain slopes Limestone, which stores alkaline tailings along a 500-m (1640-ft) section of floodplain about halfway between and forest had been ruinously detimbered, the soil on the hillsides had eroded and washed down, and the the headwaters and the mouth at Morgantown (Fig. 1 ).
The alkaline input at Greer is thought to be responsible surface mines had been deserted leaving raw scars . . ." (Eller, 1985) .
for the improved quality of Deckers Creek from Greer down to the inflow of untreated acid mine drainage at Numerous coal mines opened throughout both Monongalia and Preston Counties within the watershed in the Richard Mine discharge. Through the early to mid-1900s, mining became imthe early 1900s (Moreland, 1985) . The first commercial coal mine in the Deckers Creek watershed was located portant to the economy in northern West Virginia. Underground mining was responsible for 90% of the coal at Richard (5 km east of Morgantown) in 1903, when the West Virginia Coal Company opened an underproduction in this area before 1960 (Barlow, 1974) . Surface mining gradually increased, so by 1990 underground drift mine into the Upper Freeport coal along the north bank of Deckers Creek. By the end of that ground mining accounted for about 50% of the coal removed (West Virginia Mining Association, 2000) . The first year, 52 miners and laborers had produced enough coal to yield more than 6350 Mg (7000 U.S. tons) of Deckers Creek watershed included only two seams of commercial coal, namely the Bakerstown and Upper coke by burning the coal in the 75 original beehive coke ovens (Paul, 1904 As mining increased in this area during the mid-1900s, production ceased.
When the mine was abandoned, water accumulated more people and other industries were established in the Deckers Creek watershed. The increased industrial in the underground mine voids and seeps eventually appeared at the land surface at many points, with the activity led to the addition of higher amounts of acid mine drainage, chemicals, and sediment to the creek. major water outflow from the mine coming at the portal and entering Deckers Creek. The reason poor-quality Many residents along the creek used Deckers Creek for trash and sewage disposal. High levels of pollutants from water drains from the Richard Mine is due to the coal itself and the mine's hydrology. Deckers Creek flows soap, oil, and sediment, as well as nitrogen, phosphorus, and pathogens in sewage were introduced to the stream. through the high-sulfur coal region in West Virginia, where the coal and associated strata contain high levels Eventually, the pollution levels exceeded the assimilative capacity of the creek, resulting in widespread deteriof pyrite. When exposed to water and oxygen during mining, pyrite undergoes a series of chemical reactions, oration of water quality. By 1935, recreational use of Deckers Creek had stopped and the State Health Deultimately resulting in the release of sulfate, proton acidity, and iron (Geidel and Caruccio, 2000) . As elepartment at the time identified the creek as a possible health hazard due to its high levels of sewage contaminavated levels of iron are introduced into natural waters, the iron is oxidized and hydrolyzed, thereby forming tion. A sewage collection and treatment system was completed in the Morgantown area by 1962, but acid iron hydroxides (Rosseland et al., 1992) . The iron hydroxides precipitate out of solution and coat stream rocks mine drainage and sewage continued to enter the creek at various uncontrolled points along its stretch (USDA and sediments, causing a distinct orange-colored stain (Younger, 1998) . Low-pH conditions in the water accelNatural Resources Conservation Service, 2000). Fecal coliform bacteria are the most commonly isoerate weathering and the dissolution of silicate and other rock minerals, thereby causing the release of other elelated organism for identifying sewage inputs into streams. These bacteria are found in the gastrointestinal ments such as aluminum and manganese into the water (Kittrick et al., 1982) .
tract of mammals. Therefore, the extent to which natural a sufficient volume of fluid through the filters. The 5.0-mL waters have been affected by fecal matter in sewage sample had 8.0 mL of peptone added, the 10-mL sample had from mammals may be evaluated through the isolation 4.0 mL of peptone added, while the 50-and 100-mL volumes and enumeration of FC bacteria (Howell et al., 1995;  had no peptone buffer added. Suspensions were plated onto Thelin and Gifford, 1983; Young and Thackston, 1999 rainfall with stream flow data (Microsoft, 1997) . Statistical
The objectives of this study were to revisit the original software (SAS and Excel) was used to perform t tests on pairs of data points (1999 vs. 2000 was used to separate means when significant differences were found by ANOVA. To compensate for variations over orders of magnitude in FC bacteria counts normally seen in microbio-
MATERIALS AND METHODS
logical studies, geometric means were analyzed. When work-
Sampling Procedures
ing with a data set with large variations, geometric means give a better measure of centrality than do arithmetic means Water samples were collected monthly in plastic, 1-L bags (Hunter et al., 1999) . at 29 sample sites along Deckers Creek (Fig. 1) average stream flow in 1974 and compared these flows
All titrations were performed within 6 h of sample collection.
with the measured monthly flows at the mouth of DeckFlow determinations were made at the same time water samples were taken. At the beginning of the study at each samers Creek in 1999 and 2000 (Table 1) . may have caused pollutants to be concentrated in the was used (Clesceri et al., 1998) . Samples were collected in 1-L water at this time. In spite of the differences in rainfall plastic sterilized bottles that had been treated with 3 mL of and stream flow among years, we felt that water chemissodium thiosulfate to bind any residual chlorine present in try comparisons during these months reflect real-life the creek water. Six volumes were analyzed (0.1, 1.0, 5.0, 10.0, changes in water quality of Deckers Creek. Therefore, 50.0, and 100.0 mL) to produce plates with between 20 and the data were averaged across these four dates and 60 countable colonies. Both the 0.1-and 1.0-mL volumes of sample were combined with 12 mL of peptone buffer to pass compared among years (Table 2) . four months (Table 2 ). Using analysis of variance, we compared the water quality data for each parameter The data indicate that pH and alkalinity at 75% of among 1974, 1999, and 2000 data and separated the the sites have significantly increased (p Ͻ 0.05) between means when differences were found by the least signifi-1974 and 1999-2000 , and acidity and iron have significant difference (LSD) method (Table 2) .
cantly decreased (P Ͻ 0.05) at 60% of the sites (Table 2) . Data from 8 of the original 29 sites were selected to Less improvement, however, occurred at the Tramps represent specific sections of the stream (Fig. 1) . The site and on downstream. Headwaters sampling location was the most upstream Water pH at six of eight sites was significantly higher sampling point and represented an area of limited pollu-(p Ͻ 0.05) during the present study than in 1974 tion from households and land disturbances. Kanes and (Table 2 ). In 1974, water pH in Deckers Creek was less Dillan Creek sampling locations were selected to show than 5.5, except at Dellslow (Teti, 1974) . Prolonged the effects of two major tributaries draining areas heavperiods of low pH water in a stream are detrimental ily mined in the 1960s to 1980s. The Masontown site is because metal solubility increases substantially at pH Ͻ shown because it is just below the town of Masontown, 5.5. Dissolved aluminum and free protons interfere with where numerous direct sewage inputs from residential oxygen absorption in benthic macroinvertebrates and areas occur. There is no central treatment system for fish (Sparling and Rowe, 1996) . Aluminum also binds Masontown (population 2000). About one-half the phosphorus into less available forms and interferes with homes have septic tanks, while the rest do not. Greer the uptake, transport, and use of nutrients and water is the location of a large limestone quarry, where limeby aquatic plants. stone materials of various sizes are introduced into the Alkalinity levels have increased throughout the entire stream at this point. At the Dellslow site, the limestone watershed. Alkalinity neutralizes acidity and complexes and water have mixed and several good-quality tributardissolved metals, therefore a stream with high alkalinity ies have entered the creek. But most important, this site levels will be able to supply adequate amounts of caris just upstream from a major acid mine drainage input bonate, bicarbonate, and hydroxide ions in solution to from the Richard underground mine complex. Tramps bind up free protons and metals. A major factor responis immediately downstream from the Richard Mine dissible for the increase in alkalinity in 1999-2000 in the charge into Deckers Creek, and the Morgantown site Kanes and Dillon Creek sites is limestone addition to is near the mouth just before Deckers Creek enters the the water. In the late 1970s, due to the enforcement of the National Pollutant Discharge Elimination System Monongahela River. at all points upstream from the Richard Mine discharge program in West Virginia, an active treatment system (Table 4 ). The Richard discharge water averages 71 mg was constructed at the outlet of an underground mine L Ϫ1 aluminum, 173 mg L Ϫ1 iron, and almost 4 mg L Ϫ1 on Kanes Creek. This facility intermittently pumped manganese. At each sampling site downstream of Richand treated water from this underground mine using ard, average aluminum concentrations in Deckers Creek powdered calcium carbonate. The treated water was were 3 to 4 mg L Ϫ1 . Average manganese levels were passed through a series of settling ponds, allowing metal lower than the state standard of 1.0 mg L Ϫ1 at all sites, precipitation, before the water was discharged into except the Richard discharge water. Kanes Creek. When operating, this system added 3780
The limited degree of improvement and overall poor to 7560 L min Ϫ1 (1000-2000 gallons min Ϫ1 ) of water with quality of Deckers Creek below the Richard Mine dishigh pH and alkalinity to the creek. Table 3 shows the charge has several negative effects on the region. Areffects of this treatment on both Kanes Creek and on moring of the creek channel with metal hydroxides rethe main stem of Deckers Creek after the treated water stricts the presence of benthic macroinvertebrates (Mains entered Deckers Creek. Levels of acidity, iron, alumiet al., 1999) . This affects life throughout the food chain, num, and manganese were all reduced, while pH, alkamaking larger forms of aquatic life nearly absent (Rosselinity, and calcium all increased. Acidity was reduced by land et al., 1992) . The Monongahela River is also nega-97% in Kanes Creek as a result of this treatment facility.
tively affected, as Deckers Creek discharges an average Acidity levels have declined an average of 38% across of 900 Mg (1000 U.S. tons) of acid per month into the all sites in the creek (Table 2) . Locations above Tramps river at Morgantown. generally showed a Ͼ70% decrease, while the Tramps In 1991, an abandoned spur of the Baltimore and and Morgantown sites were not significantly decreased.
Ohio Railroad along Deckers Creek was converted into The highest acidity levels have changed locations bea high-use biking and hiking trail. The trail follows tween sampling periods. The Kanes Creek location had Deckers Creek from the mouth in Morgantown upthe highest acidity during the 1974 study, while Tramps stream to Kanes Creek in Preston County, a distance of had the highest values during 1999-2000. This indicates about 29 km (18 mi). Instead of being an asset, Deckers improvements in the upper half of the watershed, but
Creek is a detriment to the rail trail due to the unsightly also the continued effects from untreated mine water appearance of the creek. Residents living along the in the lower part of Deckers Creek.
creek also feel the negative effects of having a polluted Reducing water acidity has multiple benefits, and is waterway near their homes. In an environmental assessconsequently a main goal of all acid mine drainage conment report for the Upper Deckers Creek watershed trol and treatment measures. Acid water irritates the (USDA Natural Resources Conservation Service, 2000), gills and eyes of fish and aquatic insects. Elevated acidity more than 100 pages are devoted to letters of complaint also leads to accelerated weathering of clay minerals and concern by local residents about the quality of the and pyrite (Kittrick et al., 1982) . Clay minerals may creek. break down quicker, releasing metals such as aluminum Surface mining activities in the watershed have greatly and iron from their crystal lattices. The exposure of declined during the past decade due to reduced coal pyrite during coal mining is the source of acid mine markets and the reluctance of operators to mine coal drainage (Geidel and Caruccio, 2000) .
where acid mine drainage will result from mining. EnTotal iron levels dropped 90% throughout the upper forcement of state and federal laws (Surface Mining stretches of the watershed (Table 2 ), but no differences Control and Reclamation Act and Clean Water Act) were found at three of our eight locations: Headwaters, has caused coal mining operators to withdraw mining Tramps, and Morgantown. Tramps had the highest iron activities from this area. About 52 coal mines operated levels in 1999-2000 due to inputs of untreated mine in the Deckers Creek watershed in the 1970-1980s , and drainage at Richard. Iron is less toxic than aluminum, about 95% of these mines have been completed and and will readily combine with hydroxide ions to form reclaimed. Only two surface coal mines currently operprecipitates that coat stream bottoms. ate in the watershed and both are mining the BakersAluminum and manganese concentrations in Deckers town coal, which does not produce acid mine drainage. Creek were not analyzed during the 1974 study. In 1999-Six small refuse piles have been reclaimed in the wa-2000, average aluminum concentrations in Deckers Creek were lower than the state standard (0.75 mg L
Ϫ1
)
tershed by the West Virginia Department of Environ-mental Protection, Division of Abandoned Mine Lands Of the eight sites shown, two had geometric mean FC bacteria counts higher than the West Virginia stan-(WVDEP-AML), and this has led to improved soil conservation and water quality. Two 30-ha, abandoned coal dard for secondary use waters of 200 colony forming units per 100 mL (Table 5) . Masontown was by far the mining areas in Kanes Creek were also reclaimed by the WVDEP-AML at a combined cost of $600 000 in most heavily affected site in the creek. During the sum-1996. Passive treatment systems (wetlands and open limemer months of 1999, low stream flow, sustained sewage stone channels) were installed at both sites to help treat inputs, and elevated temperatures led to FC bacteria the water coming from these sites and to deal with acid levels as high as 9.7 ϫ 10 5 colony forming units 100 mL
. mine water from underground portals within the project Coyne and Howell (1994) made similar observations, boundaries. Three other abandoned mine sites near noting that warm, shallow streams, high in organic carMasontown are in the planning stages for reclamation.
bon, permit FC bacteria regrowth. Just upstream of the In 1984, the Richard underground mine portal had a sampling point at Masontown, a large pipe discharges wet seal installed and the land surface around the portals untreated wastewater directly into Deckers Creek. An and coke ovens was reclaimed. This reclamation deold rock bridge causes the stream to form a shallow creased the amount of sediment and other pollutants lagoon in the creek, similar to the physical parameters entering the creek from the land surface, but a concrete necessary for regrowth as set forth by Coyne and Howell channel from the wet seal still conveys the majority of un-(1994). Small-diameter pipes can also be seen dischargtreated Richard Mine drainage water to Deckers Creek.
ing water along this section in Deckers Creek. Overall, decreased mining activity (both surface and Statistical analysis indicates that FC bacteria levels underground), addition of alkaline materials at active were significantly different among sites (p Ͻ 0.01) and treatment stations, and reclamation of active and abanthat a significant difference also existed among seasons doned surface mines in the Dillan and Kanes Creek (p Ͻ 0.01) at each site (data not shown). Young and Thackston, 1999) . During summer that mine water pollution is most severe in the first few months, higher temperatures facilitated the survival of decades after mining and reclamation, and that water, FC bacteria outside their host. Also, stream flow was even from large mining complexes, can improve in qualnormally lower during the hotter and drier summer ity after 40 years. Natural land healing processes, remonths, reducing the effect of dilution on point sources clamation projects conducted by the West Virginia Deof sewage pollution. partment of Environmental Protection on abandoned
The City of Masontown is currently constructing a surface mined sites, and better treatment and control wastewater treatment plant that will collect sewage and of water on active surface and underground mine sites household water from residences in Masontown and has enhanced this improvement. surrounding towns, all of which are situated along Deckers Creek. The completion of this treatment plant
Fecal Coliform Bacteria
should greatly decrease the direct flow of sewage that enters Deckers Creek in its upper stretches, and deIn contrast to improved water chemistry in Deckers crease the hazard from FC bacteria in the stream. While Creek, a new water pollution problem is becoming apthe state regulatory agency has been aware that Maparent, one that has not been previously noticed or sontown does not have a centralized treatment system, addressed. Populations of FC bacteria were found to the magnitude of the effect on Deckers Creek was probbe very high in some parts of Deckers Creek due to ably unnoticed or not perceived to be a problem. Since inadequate sewage treatment (Table 5) . No FC bacteria the degree of impact was assumed to be small, city data were available from the 1974 study, but it is hypothleaders were not pressed to pass a tax or raise funds esized that the harsh chemical conditions in the creek from the residents to build a treatment system, as the during 1974 would have masked any FC bacteria problems by limiting survival rates.
Clean Water Act requires. Recently, as Deckers Creek 
